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Abstract
Accumulation of damaged proteins is causally related to many age-related diseases. The ubiquitin-
proteasome pathway (UPP) plays a role in selective degradation of damaged proteins, whereas
molecular chaperones, such as heat shock proteins, are involved in refolding denatured proteins. This
work demonstrates for the first time that the UPP and molecular chaperones work in a competitive
manner and that the fates of denatured proteins are determined by the relative activities of the UPP
and molecular chaperones. Enhanced UPP activity suppresses the refolding of denatured proteins
whereas elevated chaperone activity inhibits the degradation of denatured proteins. CHIP, a co-
chaperone with E3 activity, plays a pivotal role in determining the fates of the damaged proteins.
The delicate balance between UPP-mediated degradation and refolding of denatured proteins is
governed by relative levels of CHIP and other molecular chaperones. Isopeptidases, the enzymes
that reverse the actions of CHIP, also play an important role in determining the fate of denatured
proteins.
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A growing body of evidence indicates that accumulation of damaged or abnormal proteins is
associated with various age-related diseases (1–3). Examples of such diseases include
Parkinson’s disease, Huntington’s disease, Alzheimer’s disease, cataract and age-related
macular degeneration. Accumulation of damaged or abnormal proteins may arise from
enhanced generation, or arise from deficiencies in repair or removal of these abnormal proteins.
It is estimated that more than 30% of newly synthesized cellular proteins are degraded due to
failure of proper folding (4). Even when proteins are normally folded into tertiary structures,
there is spontaneous denaturation and generation of partially folded or unfolded proteins. In
addition, environmental stress such as heat, oxidation and ultraviolet radiation, could generate
denatured or damaged proteins. Unfolded or partially folded proteins are unstable, they tend
to aggregate and precipitate and thus interfere with normal cellular functions (2,5). To avoid
disruption of cellular function by unfolded proteins, organisms evolved multiple levels of
protein quality control systems that recognize proteins with abnormal structures and either
refold them to normal conformation or target them for degradation.
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It is well known that the ubiquitin-proteasome pathway (UPP) plays an important role in
selective degradation of damaged or abnormal proteins. The UPP is a major cytosolic
proteolytic pathway in eukaryotic cells (6). UPP-mediated protein degradation involves two
discrete and successive steps: 1) tagging of the substrate by covalent attachment of multiple
ubiquitin molecules and 2) degradation of the tagged protein by the 26S proteasome complex
with release of free and reusable ubiquitin. Conjugation of ubiquitin to the protein substrate
proceeds via a three-step relay reaction. The ubiquitin-activating enzyme (E1) activates
ubiquitin in an ATP-dependent reaction to generate a high-energy E1-S-ubiquitin thiol ester.
One of several E2s, ubiquitin-conjugating enzymes (Ubcs) transfers the activated ubiquitin
moiety from E1, also via a high-energy thiol ester, to the substrate that is specifically bound
to a member of the ubiquitin-protein ligase family, E3. The combination of E2s and E3s
determines the substrate specificity. Proteins tagged by polyubiquitin chains are often
recognized and degraded by the 26S proteasome. In some cases, the ubiquitin moiety is
removed from the substrate by isopeptidases, a large family of deubiquitinating enzymes (7).
Thus, isopeptidases provide a proofreading or rescuing mechanism in order to prevent the
destruction of proteins that had been mistakenly ubiquitinated.
Molecular chaperones play a key role in folding newly synthesized proteins or refolding
denatured proteins. In response to various types of stress, cells increase the expression of heat-
shock proteins (Hsps), such as Hsp90, Hsp70, and small Hsps, such as Hsp40 and Hsp27 (8).
It has been demonstrated that Hsp90 and Hsp70 are involved in the folding and maturation of
various newly synthesized proteins, such as protein kinases, glucocorticoid receptor (9,10),
and the cystic fibrosis transmembrane regulator (CFTR) (11). Hsp70, coordinated with other
molecular chaperones, can also refold denatured or partially unfolded proteins that are
generated by various types of stresses (12,13). The activity of Hsp90 and Hsp70 is modulated
by accessory proteins called co-chaperones (14). CHIP (C-terminus of Hsp70-Interacting
Protein) is one of the co-chaperones (15). In addition, CHIP is a member of the U-Box E3s of
the UPP. The dual functions of CHIP provide a bridge between the chaperones and the UPP
(16). CHIP interacts with Hsp70 and Hsp90 via three tandem tetratricopeptide repeat (TPR)
motifs, whereas its carboxyl-terminal U-box domain associates with ubiquitin-conjugating
enzymes. Therefore, CHIP could play a coordinating role in cellular protein quality control
(17).
Several lines of evidence indicate that there are functional relationships between the UPP and
molecular chaperones (18,19). For example, inhibition of the UPP results in up-regulation of
heat shock proteins (20) and that Hsp90 or Hsp70 are required for ubiquitination and
degradation of some substrates (21,22). It has also been shown that CHIP converts clients of
Hsp90 to the UPP for degradation (23). However, several questions remain unanswered. Why
are certain damaged proteins degraded by the UPP whereas others are repaired by chaperones?
What is the functional relationship between the UPP and molecular chaperones? Do they work
in a concerted fashion or in a competitive manner? This work was designed to address these
fundamental questions. We demonstrated that 1) the UPP and molecular chaperones recognize
the same features of denatured proteins; 2) Hsp90 is used by the UPP to recognize denatured
proteins; 3) the UPP and molecular chaperones work in a competitive manner; 4) CHIP plays
a pivotal role in determining the fate of denatured proteins by modulating the chaperone activity
and the ubiquitin conjugating activity; 5) deubiquitinating enzymes are a determinant factor
that governs the triage of denatured proteins.
MATERIALS AND METHODS
Na125I was purchased from PerkinElmer (Boston, MA). The rabbit reticulocyte was from
PelFreeze (Rogers, AR). Nitrocellulose membrane and protein molecular mass standards were
purchased from BioRad (Richmond, CA). MG-132 and lactacystin were purchased from
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BostonBiochem (Cambridge, MA). Heat-shock protein 90 from bovine brain (cat # H6774),
heat shock protein 70 from bovine brain (cat # H9776) and recombinant human Hsp40 (cat #
H7910) were purchased from Sigma (St. Louis, MO). Cell culture medium and Lipofectamine
2000 were purchased from Invitrogen (Carlsbad, CA). BioPorter was purchased from Gene
Therapy Systems (San Diego, CA). Unless specified, all other reagents were purchased from
Sigma and were the highest grade available.
Preparation of 125I-labeled luciferase
Luciferase was radioiodinated as described previously (24). In brief, luciferase was dissolved
in 50 mM Tris-buffer (pH. 7.4) and mixed with Na125I. The iodination reaction was started by
addition of chloramine T, and the vials were shaken for 2 min at room temperature. The reaction
was then terminated by the addition of sodium metabisulfite and sodium iodide. Free 125I and
small protein fragments were removed from the protein solution by a Sephadex-G25 column
(Amersham, Piscataway, NJ USA).
Recombinant proteins
Recombinant Ubc4-1 (also called UbcH5c), and His(6)tagged-CHIP were produced in E.
coli (Novagen Inc.). The Ubc4-1 plasmid was generously provided by Dr. Wing. The
expression and purification of Ubc4 was performed as described previously (25). The CHIP
was purified by affinity chromatography using a Ni-column.
Cell transfection
Cos7 cells were transfected with UBPY and Cezanne plasmid for 4 h using Lipofectamine
according to the manufacturer’s instructions. Transfected cells were then incubated for 48 h in
DMEM containing 10% fetal bovine serum and collected in 50 mM Tris-HCl (pH 7.6)
containing 1 mM DTT. The cytosolic fraction was used as the source of UBPY and Cezanne.
The UBPY plasmid was kindly provided by Dr. Di Fiore (26) whereas the Cezanne cDNAs
were constructed in Dr. Evans’s laboratory (27).
Thermal denaturation and refolding of firefly luciferase
Firefly luciferase (20 µg/ml) was dissolved in a buffer containing 50 mM Tricine and 1 mM
DTT, pH 7.5 and was thermally inactivated by incubating at 43°C for 10 min in the presence
or absence of Hsp90 (0.7 µg/µl). After heating, the samples were quickly chilled in ice.
Unheated firefly luciferase was used as a control. Renaturation was assessed in rabbit
reticulocyte lysate (RRL) in the presence or absence of CHIP, an ubiquitin ligase. In brief, for
refolding assays, the thermally inactivated luciferase was diluted 10-fold in the renaturation
solution, which contained 2 mM ATP, 2 mM DTT, 20 mM phosphocreatine, 0.2 mg/ml creatine
phosphokinase, 160 mM KCl, 5 mM Mg(OAc)2 and RRL. To demonstrate the effect of
ubiquitin conjugation on the renaturation process, E1 was removed from RRL by
immunoprecipitation with antibodies to E1 (28). To determine the role of deubiquitinating
enzymes on renaturation, Cos-7 cells were transfected with an empty plasmid or with plasmids
encoding UBPY or Cezanne for 48 h and the cell lysates were used to determine the renaturation
capability. To determine the effect of proteasome on renaturation of denatured protein, the
proteasome was removed from Cos-7 cell lysate by centrifuging at 100,000 × g for 5 h (29).
Renaturation was monitored by restoration of luciferase activity, which was measured using a
luminometer. Aliquots of 10 µl were removed from the renaturation reactions at the indicated
times and mixed with 190 µl of 50 mM Tris-HCl (pH 7.6). 20 µl of the diluted sample was
mixed with 100 µl luciferase assay buffer, which contains 25 mM Tricine-HC1, pH 7.8, 8 mM
MgSO4, 0.1 mM EDTA, 33 µM DTT, 100 µM D-luciferin, 240 µM CoA, and 0.5 mM ATP.
Each assay was done in duplicate and was repeated at least 3 times for each experimental
condition.
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125I-labeled-luciferase was denatured in the same way as described above. Native and
denatured 125I-labeled-luciferase was used as substrates for the degradation assay. ATP-
dependent degradation was performed in 25 µl assays that contained 13 µl of RRL and 10 µl
of buffer containing 50 mM Tris-HCl, pH 7.8, 5 mM MgCl2, 2 mM DTT, 2 mM ATP, 10 mM
creatine phosphate, 4.5 µg/ml creatine phosphokinase, 2 µg ubiquitin and 0.5 µg 125I-labeled
luciferase. Some of these assays were supplemented with 0.5 µg recombinant Ubc4, CHIP and/
or Hsp70. The reaction was carried out at 37°C for 90 min and then stopped by the addition of
200 µl of 1% (w/v) bovine serum albumin, immediately followed by 50 µl of 100% (w/v) TCA.
After standing on ice for 10 min, the samples were centrifuged 14,000 rpm at 4°C for 10 min.
Aliquots of supernatants and the pellets were counted to determine the TCA-soluble
radioactivity. The extent of degradation was determined as the percentage of 125I released as
TCA-soluble fragments. Each assay was performed in triplicate.
Ubiquitin conjugation assays
Ubiquitin-protein conjugates were formed by incubation of native or thermally denatured
luciferase with fraction II of RRL, in the presence or absence of Hsp90. Ubiquitination was
performed in a total volume of 50 µl, which contains 50 mM Tris-HCl, 2 µg CHIP, 6 µg
ubiquitin, 1 mM DTT, 5 mM MgCl2 and 2 mM ATP, and 30 µl fraction II. Native or thermally
denatured, 125I-labeled luciferase was incubated in the ubiquitination solution at 30°C for 30
min. After terminating the reaction by the addition of 50 µl 2× Laemmli buffer (30), proteins
in the reaction mixture were separated by SDS-PAGE and the dried gels were exposed to X-
ray film. Ubiquitinated luciferase was detected on the autoradiogram as bands, which showed
higher molecular weight than free luciferase.
RESULTS
Thermally denatured luciferase is preferentially ubiquitinated in a CHIP and Hsp90
dependent manner
To study the role of the UPP in protein quality control and its relationship to molecular
chaperones, we chose thermally denatured firefly luciferase as a model substrate. To facilitate
the detection of ubiquitination, luciferase was labeled with 125I prior to thermal denaturation.
Denaturation of luciferase was monitored by the loss of luciferase activity. When incubated at
43°C for 10 min, 99% of the luciferase activity was lost. Although Hsp90 prevented the
aggregation of heat-denatured luciferase, the presence of Hsp90 cannot prevent the loss of
activity during the incubation period (data not shown). To prevent degradation of ubiquitinated
luciferase by the proteasome, the ubiquitination assay was performed in a proteasome-free
fraction II of rabbit reticulocyte lysate (RRL) supplemented with Ubc4. The ubiquitination of
firefly luciferase was detected as bands that have higher masses than that of luciferase on the
radiogram. As shown in Fig. 1A, in the presence of CHIP and Hsp90, thermally-denatured
luciferase is preferentially ubiquitinated (compare lane 8 with lane 7). If CHIP or Hsp90 was
omitted, ubiquitinated native or denatured luciferase was barely detectable (Fig. 1A, lanes 1–
6). These data are consistent with a previous report that CHIP and Hsp90 are involved in
ubiquitination of thermally denatured luciferase (31).
Thermally denatured luciferase is preferentially degraded by the UPP in a CHIP-dependent
fashion
The primary role of ubiquitination is to target the substrate to the 26S proteasome for
degradation. To determine the fate of ubiquitinated luciferase, we assessed the susceptibility
of the thermally denatured firefly luciferase to UPP-mediated degradation in RRL. Modest
degradation of native and denatured luciferase was observed during the 90 min incubation with
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RRL. The rate of degradation of denatured luciferase was slightly higher (10%) than that of
native luciferase (Fig. 1B). Addition of exogenous Ubc4 to the degradation reaction increased
the degradation rates of both native and denatured luciferase, but the difference between the
degradation rates of native and denatured luciferase remained the same (Fig. 1B). In contrast,
addition of CHIP enhanced the degradation of denatured luciferase by 100%, but only enhanced
the degradation of native luciferase by ∼10% (Fig. 1B). When CHIP and Ubc4 were added
simultaneously, it increased the degradation of denatured luciferase by 400% and the
degradation of native luciferase increased only ∼140%. Under these conditions, the rate of
degradation of denatured luciferase was 2.3-fold of that of native one (Fig. 1B). These data
clearly show that denatured luciferase was preferentially degraded by the UPP in a CHIP-
dependent fashion. Although addition of Ubc4 boosted the degradation of luciferase, it did not
provide selectivity between native and denatured luciferase in the absence of CHIP.
Hsp70 enhances renaturation, but reduces degradation of denatured luciferase
It has been shown that degradation of some proteins requires Hsp70 (21,32,33). To test if Hsp70
is involved in degradation of denatured luciferase, we determined the effect of exogenous
Hsp70 on degradation of denatured luciferase in RRL. As shown in Fig. 2A, addition of Hsp70
to RRL inhibits degradation of denatured luciferase by 25%. Consistent with the data in Fig.
1B, addition of exogenous CHIP boosted the degradation of denatured luciferase (Fig. 2A).
Even when CHIP was added, the inhibitory effect of Hsp70 on degradation of denatured
luciferase was still detected (Fig. 2A). These data indicate that Hsp70 reduces, rather than
stimulates, UPP-mediated degradation of denatured luciferase.
It is well established that Hsp70 is a prominent chaperone, which works together with other
chaperones to refold denatured proteins. To investigate the mechanism by which Hsp70 inhibits
the UPP-mediated degradation of denatured luciferase, we determined the effects of Hsp70 on
renaturation of luciferase in RRL. Consistent with previous reports (34), thermally denatured
luciferase was readily refolded in RRL as indicated by the restoration of luciferase activity
(Fig. 2B). The renaturation of denatured luciferase is ATP-dependent. If ATP was omitted from
the renaturation reaction, there was no recovery of luciferase activity (Fig. 2B). Addition of
exogenous Hsp70 increased the rate of renaturation by ∼30% (Fig. 2B). The inhibitory effects
of Hsp70 on degradation and its stimulatory effect on renaturation indicate that molecular
chaperones may compete with the UPP for denatured luciferase.
Enhancing ubiquitinating activity decreases renaturation of denatured luciferase
To further test the hypothesis that the UPP and molecular chaperones compete for denatured
proteins, we measured the effect of ubiquitination on renaturation of denatured luciferase in
RRL. First we tested if enhancing ubiquitination by addition of CHIP, the ubiquitin-ligase that
promotes ubiquitination of denatured luciferase, affects the renaturation of denatured
luciferase. As shown in Fig. 3A, addition of CHIP to RRL decreased the renaturation of
luciferase in a dose dependent manner. Addition of Ubc4, the E2, which enhances the
ubiquitination and degradation of denatured luciferase, further diminished the renaturation of
luciferase (Fig. 3B). To verify that the effects of CHIP and Ubc4 are due to enhanced
ubiquitinating activity, rather than directly inhibiting chaperone activities in RRL, we
performed the experiment using a reconstituted system. Although Hsp70 or Hsp40 alone was
capable of refolding denatured luciferase, their capability was limited (data not shown).
However, the combination of Hsp70 and Hsp40 showed a robust refolding activity. Therefore,
we chose the combination of Hsp70 and Hsp40 as the reconstituted protein folding system
(Fig. 3C). Addition of CHIP alone or together with Ubc4 had no effect on renaturation in this
reconstituted system (Fig. 3C). However, if the ubiquitinating activity was reconstituted with
E1, Ubc4 and CHIP, the Hsp70/Hsp40-mediated renaturation was almost abolished (Fig.
3C). These data demonstrated that the effects of CHIP and Ubc4 on the renaturation of
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luciferase are due to the enhancement of ubiquitinating activity. These data also imply that the
UPP competes with chaperones for denatured luciferase.
Depletion of E1 enhances renaturation of denatured luciferase
To further test the hypothesis that the ubiquitin conjugating system competes with chaperones
for denatured luciferase, we determined the effect of depleting E1, the first enzyme in the
ubiquitination reaction, on renaturation of luciferase. To do this, E1 was depleted from RRL
by immunoprecipitation with antibodies specific to E1 (28). As shown in Fig. 4A, upper panel,
∼80% of E1 was removed from RRL by immunoprecipitation. The corresponding ubiquitin
conjugating activity was also substantially diminished upon depletion of E1 (Fig. 4A, lower
panel). Consistent with the hypothesis that the ubiquitin conjugating system competes with
chaperones for denatured proteins, depletion of E1 enhanced the renaturation of luciferase (Fig.
4B).
Inhibition or depletion of proteasome activity enhances renaturation
To test if proteasome-mediated proteolysis plays a role in the competition between the UPP
and chaperones for denatured proteins, we examined the effect of proteasome inhibition on the
renaturation. We found that inhibition of proteasome activity by MG-132 or clasto-lactacystin
β-lactone enhanced the renaturation of denatured luciferase (Fig. 5A). The effect of proteasome
inhibitors is not due to direct enhancement of the chaperone activities, since addition of
MG-132 had no effect on renaturation in the reconstituted renaturation reaction, in which the
renaturation was mediated by the combination of Hsp70 and Hsp40 (Fig. 5B). The effect of
proteasome on renaturation is not limited to the RRL, as depleting proteasome from lysate of
Cos-7 cells also enhanced the renaturation activity substantially (Fig. 5C). These data further
support the idea that the UPP competes with molecular chaperones for denatured proteins.
Over-expression of isopeptidases enhances renaturation
The data in Fig. 5 suggest that ubiquitinated proteins that are not degraded can be refolded in
cell lysates. We have also shown, however, that ubiquitinated proteins cannot be refolded by
chaperones in the reconstituted system (Fig. 3C). We hypothesized, therefore, that
deubiquitination of cellular proteins may play an important role in the refolding process in cell
lysates. To further test this hypothesis, we assessed the effect of isopeptidases on renaturation.
To do this, Cos-7 cell were transfected with plasmids encoding isopeptidases. Cezanne is an
isopeptidase that can remove ubiquitin from ubiquitin-protein conjugates (27). As shown in
Fig. 6A, recombinant Cezanne was efficiently expressed in Cos-7 cells. Expression of Cezanne
resulted in a significant decrease in levels of endogenous ubiquitin conjugates, indicating that
it is capable of removing ubiquitin from the substrates (Fig. 6B). Fig. 6C showed that the
supernatant of Cos-7 cells in which Cezanne was overexpressed had higher activity to refold
denatured luciferase. To rule out the possibility that the effect of Cezanne was due to
nonspecific interaction with the chaperones, we tested the effect of another isopeptidase. It has
been demonstrated that UBPY is also capable of removing ubiquitin from ubiquitinated
proteins (26). Expression of UBPY in Cos-7 cells resulted in a significant reduction in levels
of endogenous ubiquitin conjugates, indicating enhanced isopeptidase activity (Fig. 6D).
Consistent with the data obtained from overexpression of Cezanne, expression of UBPY also
enhanced the renaturation of denatured luciferase (Fig. 6E). Taken together, these data further
suggest that deubiquitination of the substrate is required for renaturation by molecular
chaperones.
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Intracellular over-expression of active CHIP, but not the catalytic inactive CHIP, diminishes
the renaturation of imported luciferase
To verify that the results obtained from the cell-free assay pertain to intact cells, we determined
the effects of overexpression of CHIP on the renaturation of luciferase in intact Cos-7 cells.
To avoid heat-induced up-regulation of molecular chaperones, luciferase was first heat-
denatured in a cell-free system and subsequently delivered into Cos-7 cells by liposome-based
protein delivery reagents (BioPorter) and the renaturation of luciferase in the cells was
determined by measuring the restoration of luciferase activity. The data in Fig. 7 showed that
overexpression of active CHIP inhibited the renaturation, whereas expression of the TPR
mutant form (K30A) or U-box mutant form (H260Q) had no effect on the renaturation. These
data showed that both the Hsp90/Hsp70-interaction capability and ubiquitin ligase activity of
CHIP is required for the inhibitory effect. To test if the CHIP-induced decrease in renaturation
was related to enhancement of proteasome-mediated degradation of luciferase, we determined
the effects of the proteasome inhibitor on the renaturation in Cos-7 cells. Treatment with
lactacystin inhibited ∼90% of proteasome activity in the cells (data not shown), but it cannot
reverse the inhibitory effects of CHIP (Fig. 7). These data further support the hypothesis that
the UPP competes with molecular chaperones for denatured proteins and that ubiquitinated
proteins need to be deubiquitinated prior to renaturation by molecular chaperones.
DISCUSSION
Accumulation of damaged or abnormal proteins is cytotoxic and is causally related to various
age-related diseases. Therefore effective removal or repair of damaged or abnormal proteins
is essential for cellular function and cell survival. Whereas molecular chaperones, a large
family of heat shock proteins, play a vital role in refolding denatured proteins, the UPP
selectively degrades damaged or abnormal proteins. In this work we used thermally denatured
luciferase as a model substrate to answer three fundamental questions related to cellular protein
quality control systems. 1) What is the working relationship between the UPP and molecular
chaperones? 2) How do cells coordinate the UPP and molecular chaperones in the protein
quality control? 3) Do isopeptidases play a role in the process of protein quality control?
We demonstrated that thermally denatured luciferase is preferentially ubiquitinated and
degraded by the UPP in an Hsp90 and CHIP dependent manner. These data suggest that the
UPP recognizes the same features of denatured proteins that are recognized by molecular
chaperones and that Hsp90 was used by the UPP in the recognition process. These results
confirmed and extended a previous report that showed the selective ubiquitination of denatured
luciferase in a CHIP and Hsp90 dependent fashion (31). The present work also demonstrated
for the first time that the UPP and molecular chaperones work in a competitive manner in
eliminating denatured proteins. The delicate balance between the UPP and chaperones appears
to be modulated by levels of CHIP, a co-chaperone with ubiquitin ligase activity. In addition,
isopeptidase activity is also a factor in determining the fate of denatured proteins.
The selective degradation of abnormal proteins has been known for ∼30 years (35,36). The
role of the UPP in selective degradation of abnormal proteins has been proposed since the
discovery of this pathway (37–44). It has been demonstrated that the UPP is involved in
degradation of various mutant proteins and damaged proteins, such as CFTR (45–48), SOD
(49,50) and oxidized proteins (43,51). However, how the UPP distinguishes abnormal proteins
from the native one remained to be an unsolved mystery. Although the 19S regulatory complex
of the 26S proteasome interacted directly with denatured protein (52–55), most proteins
degraded by the proteasome are first tagged by attachment of a polyubiquitin chain. It is
believed that the ubiquitin conjugating enzymes (E2s) and ubiquitin ligases (E3s) are jointly
responsible for substrate recognition and ubiquitination (6,56). Thus these enzymes are the key
in selecting proteins for degradation. Mutations in specific E2 proteins lead to defects in
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degradation of proteins with different classes of artificial hydrophobic degradation signals,
suggesting that the ubiquitination system can target exposed hydrophobic regions in proteins
(57). Consistent with previous reports (31,33), this work indicates that molecular chaperones,
particularly Hsp90, are used by the UPP to recognize denatured proteins. Exposure of
hydrophobic regions that are normally buried in properly folded proteins provides a signal for
the discrimination of denatured or unfolded proteins from native proteins by Hsp90. It is well
established that Hsp90 and other molecular chaperones recognize exposed hydrophobic
regions of denatured proteins (58). By interacting with Hsp90 and Ubc4/5, the co-chaperone
CHIP catalyzes the ubiquitination of Hsp90-bound proteins. In this context, we may consider
that the complex of Hsp90 and CHIP is the E3 that recognizes abnormal proteins for UPP-
mediated degradation.
Both the UPP and molecular chaperones recognize proteins with abnormal structures and a
common goal of these two pathways is to prevent the accumulation of abnormal proteins. The
question is that why some denatured proteins are refolded by chaperones whereas others are
degraded by the UPP. It appears that the cellular protein quality control systems have a triage
mechanism. The first level of triage must be identification of the proteins that are damaged and
require repair or removal. The quality control system must be able to distinguish between native
(properly folded, assembled, and modified) proteins and everything else that might be
considered non-native, including partially unfolded, misfolded, incorrectly modified,
unassembled subunits of complexes, or proteins in wrong cellular compartments. Once
damaged proteins have been identified, a second level of decision must be made: Is the protein
repairable? In principle, chaperones should have the first opportunity to fix damaged proteins.
The proteins that are damaged beyond repair must be degraded by the UPP.
How is the decision made to refold or to degrade a protein? The ability of both the UPP and
chaperones to interact with damaged or misfolded proteins in similar ways allows these
pathways for either repair or degradation of a given target protein to operate in a parallel or
competitive manner. As illustrated in Fig. 8, we propose that the fate of the damaged protein
depends on the kinetics of interaction between the damaged proteins and molecular chaperones
or the chaperone component of the UPP (Hsp90). In general, proteins with exposed
hydrophobic surfaces or other binding motifs interact with Hsp90. If the Hsp90-bound
nonnative protein is efficiently refolded with the assistance of other chaperones, such Hsp70
and Hsp40, it is removed from the triage system. If the Hsp90-bound nonnative protein is not
efficiently refolded by chaperones, the co-chaperone CHIP, which interacts with Hsp90 via its
TPR domain and interacts with Ubc4/5 or other E2 s via its U-box domain, brings the Hsp90-
bound proteins to the ubiquitination machinery. Ubiquitinated substrates are often targeted to
the 26S proteasome for degradation. If the ubiquitinated proteins are deubiquitinated by
isopeptidases, the denatured proteins would have a second chance to be refolded by chaperones.
Therefore, the relative activities of ubiquitination and deubiquitination may control the fate of
denatured proteins. It appears that CHIP plays a pivotal role in the triage process by switching
chaperones into components of the UPP (17,59).
A previous report indicated that over-expression of CHIP in fibroblasts promoted Hsp70-
mediated renaturation of denatured luciferase (60). The apparent discrepancy of data presented
here with the previous report may result from differences in the methods of denaturation. In
the previous report, luciferase was first expressed in fibroblasts and was subsequently
inactivated by heating the cells. Heat shock of the cells not only denatured luciferase, but it
may also injure the ubiquitin conjugating system. If the ubiquitin conjugating system is
inactivated by heat shock, over-expression of CHIP will not be able to enhance ubiquitination.
Instead it may promote renaturation by modulating chaperone activities.
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The parallel or competitive mode of action between the UPP and chaperones in the protein
quality control process appears to not be energy efficient. It will end up with the undesirable
destruction of some repairable proteins. This may explain why ∼30% of nascent proteins are
degraded before they are folded properly (4). The cost of the undesired destruction can be
justified for the security and efficiency of the protein quality control systems. If one system
fails, the other system would be the backup. It has been shown that inhibition of the UPP results
in up-regulation of heat shock proteins (20,61–63). Vice versa, inhibition of chaperone activity
also promotes the degradation of Hsp90 client proteins (64).
In healthy cells, the delicate balance between the UPP and the chaperones controls damaged
proteins to a tolerable level. However, upon aging or severe stress, functions of both the UPP
and the chaperones may be compromised. Dysfunction of the protein quality control
mechanism may be causally related to the accumulation of damaged and aggregated proteins
in the cells, which is associated with various age-related diseases. Therefore, means of
protecting the function of the protein quality control system may be used to prevent a number
of age-related diseases.
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Denatured luciferase is preferentially ubiquitinated and degraded in a CHIP and Hsp90-
dependent fashion. Firefly luciferase was first labelled with 125I and then thermally denatured
in the presence or absence of Hsp90. Native or thermally denatured luciferase was subjected
to ubiquitination assay or degradation assay as described in experimental procedures. A) the
ubiquitination assay was performed at 30°C for 30 min in the presence or absence of CHIP in
proteasome-free reticolucyte faction II, which was supplemented with ubiquitin and Ubc4. The
ubiquitinated luciferase was indicated by the species with higher molecular weight than that
of free luciferase. B) The degradation assay was performed in reticulocyte with or without
supplementation of Ubc4 or CHIP. Percentage of degradation was calculated from acid-soluble
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radioactivity recovered in supernatants after 90 min of incubation at 37°C. Values are means
± SD of three independent determinations; each was done in duplicate.
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Hsp70 reduces UPP-mediated degradation of denatured luciferase and promotes
renaturation. 125I-labeled firefly luciferase was denatured in the presence of Hsp90 as described
in legend to Fig. 1. A) the degradation assay was performed in Ubc4 supplemented RRL. As
indicated in the figure CHIP and Hsp70 were added to test their effects on degradation of
denatured luciferase. The percentage of degradation was calculated from acid-soluble
radioactivity recovered in supernatants after 90 min of incubation at 37°C. B) The renaturation
assay was performed in RRL with or without addition of Hsp70. The renaturation was
monitored by restoration of luciferase activity, which was expressed as a relative activity and
the units were arbitrary. Values are means ± SD of three independent determinations.
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CHIP and Ubc4 inhibit renaturation of denatured luciferase. Renaturation of heat-denatured
luciferase was performed in RRL (A and B) or using a reconstituted system (combination of
Hsp70 and Hsp40) (C). A) 0, 2.5, 5 and 10 µg/ml of CHIP was added to the renaturation
reactions. Luciferase activity was measured at the indicated time points. B) 5 µg/ml CHIP with
or without 5 µg/ml Ubc4 was added to the renaturation reaction. C) The renaturation was
mediated by the combination of Hsp70 and Hsp40. Effects of ubiquitination on renaturation
were determined by addition of ubiquitin (Ub), E1, Ubc4 and CHIP as indicated in the figure.
Luciferase activity was measured at time points indicated. Each point represents the mean of
six measurements.
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Depleting E1 enhances the renaturation of luciferase in reticulocyte lysate. E1 was depleted
from RRL by immunoprecipitation with antibodies specific to E1. As a control, mock
immunoprecipitation was performed using preimmune IgG. A) Shows the effectiveness of the
immunoprecipitation; the upper panel shows the depletion of E1 and the lower panel shows
the loss of ubiquitin conjugating activity. B) Shows the effects of depleting E1 on renaturation.
Luciferase activity was measured at 0, 30, and 60 min of incubation. For each point a total of
six replicates were measured.
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Inhibition or removal of proteasome enhances renaturation of denatured luciferase. A)
Renaturation was performed in RRL in the presence or absence of proteasome inhibitors
MG132 or clasto-lactacystin β-lactone (LAC). B) Renaturation was performed in a
reconstituted renaturation reaction (Hsp70 and Hsp40) in the presence or absence of MG132.
C) Renaturation was performed in Cos-7 cell lysate with or without depletion of the proteasome
by centrifugation. Luciferase activity was measured at the indicated time points. Each point
represents the mean of 12 measurements.
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Expression of deubiquitinating enzyme promotes renaturation of denatured luciferase. Cos-7
cells were transfected with control plasmid or plasmid encoding the HA-tagged cezanne, a
deubiquitinating enzyme, and chaperone activity was compared in the cell lysate. A) Shows
the expression of cezanne, which were detected by Western blotting using antibody to HA.
B) Shows the activity of cezanne as indicated by the decrease in levels of. endogenous ubiquitin
conjugates. C) Shows the effect of cezanne on renaturation of denatured luciferase. D) Shows
the activity of UBPY as indicated by the decrease in levels of endogenous ubiquitin conjugates.
E) Shows the effect of UBPY on renaturation of denatured luciferase. Each point represents
the mean of 12 measurements.
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Expression of CHIP inhibits renaturation of denatured luciferase in Cos-7 cells. Cos-7 cells
were transfected with control plasmid or with plasmids encoding wt CHIP or mutant CHIP.
Thermally denatured luciferase was delivered into the cells by a liposome-based protein
delivery reagent (BioPorter). Renaturation of the delivered luciferase was monitored by the
recovery of luciferase activity. Each point represents the mean of six measurements.
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Triage model of the protein quality control system: the interaction between molecular
chaperones and the UPP. This model predicts that most, if not all, proteins have intrinsic signals
for interaction with molecular chaperones or the ubiquitination system. These signals (red) are
hidden in properly folded native proteins and they are not recognized by the protein quality
control systems. Upon environmental stress, such as heat or oxidation, proteins could be
unfolded with exposure of the recognition signals, such as hydrophobic patches. The unfolded
proteins are recognized by Hsp90 or Hsp70. With the help of other chaperones or co-factors,
Hsp70 can refold the denatured proteins in an ATP-dependent manner. If the denatured proteins
cannot be refolded rapidly, CHIP, a U-box E3, which interacts with Hsp90 and Hsp70 with its
TPR domain, triggers the ubiquitination of Hsp90/hsp70-bound substrates. The ubiquitinated
substrates will be recognized and degraded by the 26S proteasome. If the ubiquitinated proteins
were deubiquitinated by isopeptidases, the denatured proteins would have a second chance to
be refolded by molecular chaperones. The parallel/competitive functional relationship between
the UPP and molecular chaperones assures the efficiency of the protein quality control systems
to get rid of abnormal proteins.
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